Thyroid cancer is the most common type of endocrine malignancy, and its incidence is increasing. Anaplastic thyroid cancer (ATC), referring to undifferentiated subtypes, is considered to be aggressive and associated with poor prognosis. Conventional therapies, including surgery, chemotherapy and radioiodine therapy, have been used for ATC, but these do not provide any significant reduction of the overall mortality rate. The tumorigenesis, development, dedifferentiation and metastasis of ATC are closely associated with the activation of various tyrosine cascades and inactivation of tumor suppressor genes, including B-Raf proto-oncogene, serine/threonine kinase V600E , phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit α,tumor protein 53 mutations and telomerase reverse transcriptase mutation. These pathways exert their functions individually or through a complex network. Identification of these mutations may provide a deeper understanding of ATC. A variety of tyrosine kinase inhibitors have been successfully employed for controlling ATC growth in vitro and in xenografts. Certain novel compounds are still in clinical trials. Multi-kinase inhibitors provide a novel approach with great potential. This systematic review determined the prevalence of the major genetic alterations and their inhibitors in ATC.
Introduction
Thyroid cancer is the most prevalent type of endocrine malignancy and accounts for 1% of cancer cases worldwide. Based on the degree of differentiation, thyroid cancers are categorized as differentiated thyroid cancer [DTC, including papillary thyroid carcinoma (PTC) and follicular thyroid carcinoma], as well as poorly-differentiated thyroid carcinoma (PDTC) and anaplastic thyroid cancer (ATC) (1) . Most patients with DTC maybe effectively cured with standard primary treatments and have an excellent prognosis (2) . Although ATC only accounts for 2% of thyroid cancer cases, it is responsible for more than half of all thyroid cancer mortalities due to its aggressive behavior and resistance to conventional therapies (3, 4) .
Recent molecular pathological studies have indicated that activation of various tyrosine cascades and inactivation of the tumor protein (TP) 53 tumor suppressor gene may induce the progression and dedifferentiation of ATC (5) . According to a study on 516 patients from The Cancer Genome Atlas (TCGA) and Memorial Sloan Kettering Cancer Center (MSKCC) database, poorly differentiated thyroid carcinoma (including ATC) had more mutations in TP53, telomerase reverse transcriptase (TERT) and PI3K than PTC. The signaling pathways may exert their functions individually or through synergy with
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other pathways (6, 7) . Besides conventional chemotherapy, multi-kinase-targeted inhibitors are emerging as novel therapeutic strategies (8) . The aim of this review was to determine the prevalence of the major genetic alterations and report on the emerging kinase-targeted therapies in ATC.
PI3K/Akt/mTOR pathway in ATC
The PI3K pathway has a key role in regulating cell growth, proliferation and survival. This pathway is upregulated in two ways, firstly by the binding of the p85 subunit of PI3K to the subunits of activated tyrosine residues present on an activated growth factor receptor and secondly via direct recognition and combination of RAS and P110 (9) . mTOR is a regulatory protein of the PI3K/Akt/mTOR pathway and its activation results in the phosphorylation of 4E-binding protein (4EBP1) and ribosomal protein S6 (S6k1) both of which regulate the transcription and translation of critical growth genes (10). Willems et al (11) reported that the activation of mTOR was higher in lymph node metastases than in primary thyroid cancers. Phosphorylated (p)-Akt then activates a variety of downstream factors, including glycogen synthase kinase, Bad, the forkhead box family of transcription factors, p27 and Mdm2. The downstream targets of p-Akt have been demonstrated to increase cell proliferation, motility, protein synthesis and gluconeogenesis, as well as to inhibit apoptosis (12, 13) . p-Akt also affects the nuclear proteins including transcription factors and nuclear receptors, to form a unique signaling network (14) .
The MSKCC and TCGA contains data for 516 thyroid cancer patients (84 PDTCs, 33 ATC cases and 399 PTC cases) and indicated that mutations of PI3K/Akt/mTOR [including mutations of phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit α (PIK3CA) and phosphatase and tens in homolog (PTEN), and of PIK3C2G, PIK3CG,PIK3C3, PIK3R1, PIK3R2, AKT3, TSC subunit 1 (TSC1), TSC2 and mTOR] were more frequent in PDTCs and ATCs than in PTCs ( Fig. 1A) . Analysis of the association between PI3KCA and overall survival among the 117 PDTC and ATC cases indicated that patients with mutations of PI3KCA had an obviously shorter survival time (10.3 vs. 116.69 months; Fig. 1B and C). Kunstman et al (15) and Landa et al (16) performed next-generation sequencing of thyroid cancer patients and the results revealed that mutations of PI3K/Akt/mTOR were more frequent in ATCs than in other types of thyroid cancer.
All of the above suggests that the PI3K/mTOR pathway may be closely linked to thyroid cancer. Current research focuses on multiple inhibitors that interfere with different nodes of the PI3K pathway for use in combination with traditional therapy in clinical trials (Fig. 2 ).
PI3K inhibitors
NVP-BKM120 (Buparlisib), an inhibitor of pan-class I PI3K, has been proven to have a role in tumor suppression in a variety of cell lines and xenograft models, with or without PI3K alterations (17) . NVP-BKM120 has a bioavailability of >90% and a half-life of 40 h according to a study on breast cancer (18) . It has been proven that NVP-BKM120 suppresses downstream factors of PI3K, including downregulation of p-Akt and p-S6R and cancer stem markers. A previous study by our group suggested that synergistic action of BKM120 and Prima-1 Met effectively suppressed the proliferation and migration and promoted the differentiation of thyroid cancer cells in vivo and in vitro (19) . Radiation therapy is another important treatment for thyroid cancer, but low-dose radiation induces the activation of the PI3K/Akt/mTOR pathway, leading to the occurrence of epithelial-mesenchymal transition (EMT). EMT is characterized by reduced expression of E-cadherin and enhanced cell motility, as well as acquisition of invasive features and metastasis. It has been reported that NVP-BKM120 efficiently inhibits the activation of the PI3K/Akt/mTOR pathway, which increases the number of DNA breaks and promotes the sensitivity to radiotherapy (20, 21) . NVP-BKM120 is undergoing phase II/III clinical testing for further evaluation (22) .
mTOR inhibitors
RAD001 (everolimus), a rapamycin analog, is an allosteric mTORC1 inhibitor. RAD001 has a therapeutic effect in tumors harboring alterations in the mTOR pathway (23) . RAD001 has been tested in a phase II clinical trial (24) including 28 patients with progressive metastatic or locally advanced radioactive refractory DTC and 7 patients with ATC. The results indicated that 17 patients (65%) achieved stable disease (SD) as the best response, with 15 (58%) exhibiting SD lasting for >24 weeks. Furthermore, treatment with RAD001 increased progression-free survival in patients with metastatic cancer. As only 7 patients with ATC were included, it was not possible to draw any definite conclusions. The results of that study on patients with ATC were disappointing, with none of the patients benefitting from treatment. Certain pre-clinical trials evaluating the anti-tumor activity of everolimus, alone or in combination, are ongoing, suggesting that mTOR inhibitors including everolimus may be a promising treatment option for thyroid cancer (25).
Dual PI3K/mTOR inhibitors
BEZ235, a dual PI3K/mTOR inhibitor, reduces PI3K, mTORC1 and mTORC2 kinase activity, and consistently inactivates downstream signaling factors via competitive binding to the ATP binding domain of these enzymes (26, 27) . For dual PI3K/mTOR inhibition, BEZ235 has demonstrated a better effect in terms of therapeutic resistance and synergistic effects. BEZ235 has been effectively evaluated in vitro on several thyroid cancer cell lines derived from major pathological types, with ATC exhibiting the greatest sensitivity. BEZ235 generally induces cell cycle arrest at the G0/G1 phase, and also causes apoptosis in the most sensitive thyroid cell lines. The experiments also established that daily treatment with BEZ235 at a dose of 50 mg/kg significantly reduced the growth of xenograft tumors composed of 8505C ATC cells, without any toxicity observed (27) . In addition, BEZ235 was able to increase the expression of Na + /Isymporter (NIS) and other thyroid-specific genes, leading to an increase in or the restoration of the sensitivity to radioactive iodine (RAI) (28).
AKT inhibitors
Akt is a central and essential point in the PI3K pathway, and is therefore a promising target for anti-cancer therapies. Akt inhibitors maybe grouped into various classes, including ATP-competitive inhibitors (GSK690693 and Afuresertib), allosteric inhibitors (MK-2206 and PH-316) and irreversible inhibitors (LL-AF101) (29) . MK-2206 is a selective inhibitor of all Akt isoforms, decreasing p-Akt Thr308 and p-Akt Ser473 levels as well as downstream phosphorylation. MK-2206 was demonstrated exert dose-and time-dependent effects on different thyroid cancer cells lines. It potently inhibited the proliferation of all thyroid cancer cells in a low-micromolar range (IC 50 mostly below or around 0.5 µM). When used synergistically with temsirolimus, MK2206 was able to completely overcome the side effect of mTOR inhibition of Akt (30) therefore, MK-2206 is a good candidate for further investigation as a treatment for ATC.
TP53 in ATC
TP53 lies at the center of a large network of apoptosis-, invasion-and stem cell-associated genes. The p53 protein is composed of a core DNA-binding domain (DBD) and regulatory domains, serving as a major barrier against tumorigenesis (31). Of note, numerous in vitro and xenograft models have confirmed that p53 mutation not only abolishes the tumor suppressive function, but also often acquires new tumorigenic driver activities. This negative role was termed gain-of-function (GOF). Inactivation of p53 has been considered a hallmark of advanced thyroid tumors (32) . TP53 mutations have been identified in 28.2% of PTCs and in 1% of ATCs and PDTCs. Among the 33 ATC and 84 PDTC patients from MSKCC dataset, the mutation group had a median survival time of only 10 months (124.08 in the wild-type TP53 group; Fig. 3A and B ). Mutant p53 enhances signaling through receptors such as transforming growth factor β receptor, epidermal growth factor receptor and MET. Unlike wild-type p53, mutant p53 protein has been verified to escape proteasome-dependent degradation, leading to its hyper-stabilization in tumors (33) . The degradation resistance of mutant p53 presents a fundamental problem for therapeutic intervention in tumors with mutant p53.
Restoration of p53 function is essential for promoting the sensitivity to chemotherapeutic drugs or radiation therapy. This hypothesis is supported by a study in which redifferentiation and restoration of cellular responses to physiological stimuli were achieved after re-expression of wild-type p53 in ATC (34) . Table I summarizes the small molecules that restore the function of the tumor suppressor gene p53.
Introduction of wild-type p53
Restoration of wild-type p53 function may be achieved by introduction of an intact complementary DNA copy of the p53 gene using a suitable viral vector, in most cases an adenoviral vector [recombinant adenovirus-p53 (Adp53)]. ONYX-015, the most prominent and clinically evaluated replication-competent Adp53 vector, has been proven to have a tumor-specific effect, and proliferates effectively in p53-mutant, but not in p53 wild-type cells (35) . Furthermore, suppression of p21 via p21-targeting micro-ribonucleic acids may effectively induce Adp53-mediated apoptosis and autophagy in human cancer cells (36) . Subsequent studies demonstrated that a higher clinical efficacy was achieved when ONYX-015 was combined with conventional chemotherapeutic drugs or radiation. Numerous clinical trials have been performed in different types of advanced cancers patients (37, 38) . However, numerous patients still respond poorly (39) . Gendicine (rAd-p53), a first-generation gene therapeutic, has been licensed for clinical use for head and neck malignancies in China. In randomized trials on nasopharyngeal and pancreatic carcinoma, better control was observed when Gendicine (weekly intra-tumoral injections) was combined with radiation or chemoradiation therapy (40) . However, to date, these vectors have not been widely used in patients worldwide. The precise mechanism of action and clinical anti-tumor effect of these vectors requires further exploration.
Enhancement of the functionality of endogenous wild-type p53
As mentioned above, the p53 pathway is most likely also disrupted in a large fraction of wild-type p53-carrying tumors. Mdm2, a critical negative regulator acting via ubiquitinmediated p53 degradation, is frequently overexpressed in wild-type TP53-carrying tumors, leading to resistance to p53 gene therapy for cancer (41) . Furthermore, mutant p53 is overexpressed in numerous tumors due to a lack of sufficient amounts of Mdm2 to trigger p53 degradation. For these reasons, Mdm2 has been an important therapeutic target. Different strategies for targeting Mdm2 and/or inhibition of p53-Mdm2 binding have been designed, including Nutlins, reactivation of p53 and induction of tumor cell apoptosis (RITA) and inhibitor of Hdm2 HLI98ubiquitin ligase (HLI 373), which have the ability to increase p53 levels and transcriptional activity (42) . Nutlin-3a stabilizes and activates p53 by blocking p53 binding to Mdm2, leading to the expression of downstream genes of p53, including p21, BAX and p53 upregulated modulator of apoptosis (43) . RITA binds to the N-terminus of p53 and causes a configurable change, resulting in accumulation of p53 and upregulation of its target genes. RITA induces apoptosis in wild-type p53-harboring cancer cells, but has little side effects on normal cells (44) . The availability of these therapies raises hope for the treatment of wild-type TP53-carrying tumors, with fewer side effects than traditional chemotherapeutic drugs.
'Correction' of mutant p53 protein
As a result of the unfolding of the DBD, mutant p53 loses its role as a tumor suppressor gene and promotes the development of tumor progression. Therefore, pharmacological compounds to reactivate mutant p53 through changing it to the wild-type conformation and activating its transcription have been developed. These small-molecular drugs, including CP-31398, WR1065, PRIMA-1, PRIMA-1 MET (APR-246), Ellipticine and MIRA-1, have demonstrated positive effects in cancer, including induction of massive apoptosis, inhibition of invasion and tumor stem cell suppression (45) . PRIMA-1 MET is able to not only restore the wild-type conformation of mutant p53, but also that of mutant N-terminal transactivation domain of TAp63γ (TAp63γ) and N-terminal transactivation domain of TAp73β (TAp73β) in tumor cells (46) . Messina et al (47) successfully validated that PRIMA-1 Met prevented the GOF effect of mutant p53 and increased the expression of thyroid-specific differentiation markers, including Tg and NIS, in thyroid cancer cells. PRIMA-1 Met is less effective in wild-type or null p53 thyroid cell lines (BC-PAP and Hth-74 cell viability was significantly reduced at 1 µM; by contrast, Prima-1 at up to 20 µM had no effect on TPC-1 and SW-1736 cells). The use of PRIMA-1 Met in combination with irradiation and novel targeted tyrosine kinase inhibitors is a novel research hotspot.
Human TERT and B-Raf proto-oncogene, serine/threonine kinase (BRAF) V600E in advanced thyroid cancer
Telomerase has a key role in cellular immortality and tumorigenesis. Its catalytic subunit is TERT. Accumulating evidence indicates that TERT promoter mutations are associated with aggressive, metastatic and thyroid stem cell phenotypes (48, 49) . In the dataset of TGCA database, ~40% of PDTCs and 73% of ATCs harbored TERT promoter mutations as compared with 9% of PTCs. In addition, TERT promoter mutations were rarely detected in normal parenchyma or in benign lesions (50, 51) . BRAF, a member of the RAF family, is a serine-threonine kinase. The BRAF V600E mutation, a crucial stimulator of the mitogen-activated protein kinase pathway, is associated with the radioiodine resistance due to block of NIS (Na + /I -) symporter expression. BRAF V600E is more frequently encountered in the dedifferentiated subtype (52) . TERT promoter mutation is closely combined with BRAF V600E and RAS mutations. Studies have indicated that the coexistence of somatic mutations, BRAF V600E and TERT C228T, is strongly associated with aggressive phenotypes, poor prognosis and recurrence of ATC (53) . Analysis of the clinical data of the 84 PDTC and 33 ATC cases from MSKCC revealed that co-existence of BRAF and TERT mutations has a synergistic effect on aggressiveness in thyroid carcinoma development. Tumors with both mutations are associated with a high risk of recurrence and shorter overall survival ( Fig. 4A and B ). Charles et al (54) reported that in the mouse model, PIK3CA was unable to drive thyroid tumorigenesis independently; however, in mice with both PIK3CA and BRAF V600E mutations, ATC was observed. Of note, in ATC cases featuring BRAF V600E in combination with PIK3CA or TP53 mutations, few, if any, mutations in other known ATC-associated genes were observed. The mechanism resulting in progression from DTC to ATC has been a subject of frequent study with accumulation of mutations in recognized malignancy-associated genes identified. Therefore, combination of multiple targeted drugs may achieve an effective breakthrough in the treatment of ATC.
TERT inhibitors and BRAF inhibitors
Vemurafenib (PLX4032) and Dabrafenib (GSK2118436), highly selective for BRAF V600E -mutant cells, have been approved by the US Food and Drug Administration for melanoma therapy (55) . The first report of using vemurafenib to treat metastatic papillary thyroid carcinoma was in 2013. Vemurafenib appears to have a promising clinical efficacy in patients with metastatic PTC (56) . In a phase II clinical trial, 51 patients (patients with RAI-refractory PTC) were enrolled. Treatment with BRAF inhibitors for redifferentiation and RAI reuptake in BRAF V600E -mutant thyroid cancer was also assessed. The clinical results suggested that the effect was better at first use (57) . Marten with an early clinical response, demonstrating a decrease in the subcutaneous metastasis, but follow-up computed tomography at 2 months after initiation of vemurafenib revealed rapid progression of the disease with metastases to the central nervous system and esophagus and progression of pulmonary metastasis. Other BRAF inhibitors, including PLX-4720 and MLN2480, are also being tested in the clinic, but have not been evaluated in thyroid cancer. Clinical data indicate that these inhibitors significantly improve response rates and overall survival in patients with BRAF V600E -mutant metastatic melanoma (59, 60) . Maggisano et al (61) proved that inhibition of TERT expression by small interfering RNA significantly depressed the proliferation and invasion of ATC cells. BIBR1532, a selective telomerase inhibitor, decreases native and recombinant human telomerase activity, leading to senescence of human cancer cells. A study by Bu et al (62) reported that BIBR1532 effectively decreased the invasion, migration and angiogenesis of PTC cells in vivo and in vitro. However, at present, studies assessing the efficacy of BIBR1532 in the treatment of ATC are rare.
Other agents and approaches
NF-κB allows thyroid cancer cells to acquire invasive properties and undergo metastasis by upregulating the expression of matrix metalloproteinases and urokinase-type plasminogen activator (63) . Triptolide has been used in preclinical studies on ATC, and has demonstrated an inhibitory effect on angiogenesis and invasion (64) . More clinical research is required to evaluate the synergistic effect with other chemotherapeutic agents for thyroid cancer. The Wnt-β-catenin signaling pathway is associated with cell adhesion and differentiation (65) . Accumulation of β-catenin may induce nuclear transport and combine with certain transcription factors, which may activate the transcription of downstream factors, including c-myc and cyclin D1. The Wnt-β-catenin pathway may also regulate the level of cyclin D1, which is associated with lymph node metastases in thyroid cancer patients. Dickkopf-1, a selective inhibitor of the Wnt-β-catenin pathway, effectively inhibits the proliferation and migration of several thyroid cancer cell lines by regulating Wnt-β-catenin and E-cadherin expression (66) . Certain genes regulate each other and form networks to produce a biological effect. Further signaling pathways are also associated with the development and progression of ATC. Sorafenib is a multikinase inhibitor that targets vascular endothelial growth factor receptor (VEGFR), platelet-derived growth factor receptor (PDGFR) and RAF. In the phase II trial of sorafenib, 10 patients with ATC were enrolled and no objective responses were observed (67) . Another two trials assessing sorafenib in thyroid carcinomas included six ATC patients and similarly no responses were achieved (68, 69) . These results call into question the benefit of this agent in ATC patients. Another study involved 15 ATC patients treated with pazopanib (a multikinase inhibitor targeted on VEGFR, PDGFR and c-kit) in a single-arm, phase II study, with no responses obtained according to the Response Evaluation Criteria in Solid Tumors (70) . Lenvatinib, a newer, small-molecule VEGFR inhibitor, was tested in differentiated thyroid cancer, medullary thyroid carcinoma and ATC in a phase II study. Only 11 patients with ATC were recruited; however, the results were encouraging, with three patients exhibiting a partial response according to the Response Evaluation Criteria in Solid Tumors, seven with SD and one patient exhibiting progression of disease (71) . Lenvatinib has been approved in the USA for the treatment of DTC, but it is approved for all subtypes of thyroid cancer in Japan (67) .
Genomic and epigenetic alterations are now being exploited as molecular targets in thyroid cancer treatment. The abnormalities of the histones in post-translational modification have been demonstrated in thyroid cancer development, and they are regarded as promising molecular targets for the patients that are resistant to conventional therapies. Compounds/drugs that reverse the effects of histone modifications by modulating the pattern of histone acetylation/methylation have been tested in preclinical models of thyroid cancer to identify their effects on tumor cell proliferation and/or invasiveness, and their ability to re-differentiate tumor cells and restore their ability to accumulate radioactive iodine (72, 73) .
Conclusion
Precision medical therapy is an exciting technique for individualized tumor treatment based on the patient's features and tumor characteristics. ATC is one of the most aggressive human cancer types and is associated with a low survival rate. Dysfunction of signaling pathways may increase the proliferation, dedifferentiation and metastasis of thyroid cancer. Inhibition of protein tyrosine kinases has been indicated to hold great promise. These drugs may not only provide a better understanding of tumor biological characteristics, but also more optimistic outcomes in the future. Combination of tyrosine kinases inhibitors with traditional radiotherapy and chemotherapy may represent an improved treatment strategy.
